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C ell adhesion to the extracellular matrix elicits a temporal reorganization of the actin cytoskeleton that is regulated first by Rac1 and later by RhoA. The signaling mechanisms controlling late stage RhoA activation are incompletely understood. Net1A is a RhoA/RhoBspecific guanine nucleotide exchange factor that is required for cancer cell motility. The ability of Net1A to stimulate RhoA activation is negatively regulated by nuclear sequestration. However, mechanisms controlling the plasma membrane localization of Net1A had not previously been reported. Recently, we have shown that Rac1 activation stimulates plasma membrane relocalization and activation of Net1A. Net1A relocalization is independent of its catalytic activity and does not require its C-terminal pleckstrin homology or PDZ-interacting domains. Rac1 activation during cell adhesion stimulates a transient relocalization of Net1A that is terminated by proteasomal degradation of Net1A. Importantly, plasma membrane localization of Net1A is required for efficient myosin light chain phosphorylation, focal adhesion maturation, and cell spreading. These data show for the first time a physiological mechanism controlling Net1A relocalization from the nucleus. They also demonstrate a previously unrecognized role for Net1A in controlling actomyosin contractility and focal adhesion dynamics during cell adhesion.
Introduction

Cell adhesion to the extracellular matrix (ECM) is a complex process that is
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Rac1 controls Net1A localization to regulate cell adhesion Heather S Carr and Jeffrey A Frost* Department of Integrative Biology and Pharmacology; University of Texas Health Science Center at Houston; Houston, TX USA initiated by the binding of membrane spanning ECM receptors, such as integrins and syndecans, to matrix proteins. 1, 2 This initiates temporally and spatially coordinated signaling cascades that promote rearrangement of the actin cytoskeleton and ultimately control cell adhesion. Rho family small G proteins are canonical regulators of actin cytoskeletal organization, and their activation is crucially important to this process. 3 This is true in all mammalian cell types tested, yet it is clear that the specific signaling events leading to their activation vary between cell types and disease states. Thus, a current challenge is to understand how Rho GTPase signaling is coordinated to control cell adhesion in these cell and disease settings.
The activation state of Rho GTPases is mainly controlled by two families of proteins known as Rho guanine nucleotide exchange factors (RhoGEFs) and Rho GTPase activating proteins (RhoGAPs). RhoGEFs stimulate Rho GTPase activation by decreasing the affinity of Rho proteins for GDP, thereby allowing GTP loading. RhoGAPs accelerate the intrinsic GTPase activity of Rho proteins, thereby stimulating GTP hydrolysis and Rho protein inactivation. There are over 150 RhoGAPs and RhoGEFs in the human genome, while there are only 23 Rho proteins. [4] [5] [6] [7] This diversity of regulatory proteins is thought be one mechanism by which signaling specificity is generated.
Integrin binding to the ECM stimulates a complex signaling cascade that regulates Rho GTPase activity. These signaling events have been characterized mainly in fibroblasts, and it is unclear Rac1 (V 12 Rac1) caused a robust relocalization of Net1 isoforms outside the nucleus. This effect was much stronger for Net1A than Net1, perhaps because Net1A has only two of the four NLS sequences present in Net1. 29 By subcellular fractionation and confocal microscopy we found that Net1A was relocalized to the plasma membrane, and using a GST-A 17 RhoA pulldown affinity assay we observed that Net1A was strongly activated by coexpression of V 12 Rac1. These results indicated that Rac1 was a potent regulator of extranuclear localization of Net1 isoforms, especially Net1A.
Because the small GTPases Rac1 and Cdc42 share many of the same downstream effector proteins we examined whether their activities were interchangeable for regulating Net1A localization. We observed that co-expression of constitutively active Cdc42 was nearly as efficient as active Rac1 at causing Net1A relocalization. However, using an siRNA approach, we found that Rac1 knockdown was sufficient to prevent relocalization of transfected Net1A outside the nucleus, both in resting cells and in cells replated on a collagen matrix. We also observed that knockdown of Rac1 expression in the metastatic breast cancer cell line MDA-MB-231 strongly downregulated Net1 isoform localization to the plasma membrane. Thus, the extranuclear localization of Net1A in MCF7 and MDA-MB-231 cells was largely controlled by Rac1 and not by other Rho family small GTPases.
The mechanism by which Rac1 controls Net1A localization was a significant question. We found that Net1A relocalization was independent of its ability to stimulate RhoA activation, and did not require the presence of the pleckstrin homology domain or C-terminal PDZ-binding site within Net1A. We next examined whether active Rac1 directly interacted with Net1A to stimulate its relocalization to the plasma membrane, as Rac1 has been shown to localize to the nucleus. 34, 35 However, we were unable to show that Net1A and Rac1 co-immunoprecipitate. We then tested the requirement for common effector proteins regulated by Rac1. In particular, we assessed whether Pak1 mediated Rac1 effects, as we had previously shown that Pak1 phosphorylated Net1 on two sites through the phosphorylation-dependent inhibition of myosin light chain phosphatase. 19, 20 This generates actomyosin contraction necessary for focal adhesion maturation. 21 RhoA activation also stimulates cortical actin polymerization and stabilization necessary for solidifying cell adhesion.
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Control of Net1 Isoform Subcellular Localization
The neuroepithelial transforming gene 1 (Net1) is a RhoA/RhoB-specific RhoGEF that is expressed in many tissues and cell types and is overexpressed in human cancers. [23] [24] [25] [26] [27] [28] Two isoforms exist in most cells, known as Net1 and Net1A, which are identical except for divergent N-terminal regulatory domains. 29 Net1 is unusual in that it is one of only two RhoGEFs that localize to the nucleus in resting cells, the other being Ect2. Nuclear localization of Net1 isoforms occurs via multiple nuclear localization signal sequences in their N-terminal regulatory domains. 29, 30 This is thought to be a negative regulatory mechanism, as RhoA is largely absent from the nucleus and must be activated at the plasma membrane to elicit effects on the actin cytoskeleton. Moreover, truncation of its N terminus relocalizes Net1 outside the nucleus and stimulates constitutive RhoA activation. 24, 30 Thus, deciphering mechanisms controlling the subcellular localization of Net1 isoforms is fundamental to understanding how they control RhoA activation and cellular outcomes such as adhesion and motility.
In the recent paper by Carr et al., we examined mechanisms controlling the extranuclear localization of Net1 isoforms. 31 To identify proteins that regulated Net1 localization, we opted for a candidate approach, reasoning that other Rho family GTPases or their downstream effectors might control Net1 isoform localization. This supposition was based on the temporal nature of Rho GTPase regulation during processes such as cell adhesion. We chose to study this regulation in breast cancer cells because of the potential role for Net1 in promoting metastatic progression in human breast cancer. 32, 33 Using this approach, we found that co-expression of constitutively active whether they are entirely conserved in other cell types, such as cancer cells. Generally, ECM ligation stimulates integrin receptor clustering that promotes recruitment and transphosphorylation of focal adhesion kinase (FAK) on its activating site Y397. Phosphorylation on this site allows for recruitment and activation of the tyrosine kinase Src, which then phosphorylates FAK and other substrates to initiate intracellular signaling. 8, 9 Activation of the small G proteins Cdc42 and Rac1 are early events in this process, occurring within minutes of integrin binding to the ECM. Their activation is controlled by recruitment and activation of the Rho guanine nucleotide exchange factors (RhoGEF) βPIX and DOCK180, respectively. 9, 10 Cdc42 and Rac1 activation during spreading are necessary for extension of filopodia and lamellipodia, which allow the cell to establish residency within a specific area of adherence. Activation of these small G proteins stimulates the formation of focal contacts, which are nascent sites of attachment between clustered integrins and the actin cytoskeleton. During this time, RhoA activation is suppressed by p190RhoGAP, which is activated by Src phosphorylation.
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Within 30 min of ECM contact, this signaling paradigm becomes reversed, with a reduction in Cdc42 and Rac1 activation and a stimulation of RhoA activation. How this is achieved seems to vary between cell types. For example, binding of NIH3T3 mouse fibroblasts to the ECM protein fibronectin stimulates the activity of the RhoA-specific GEFs, LARG and p115-RhoGEF. 12 Alternatively, plating mouse embryo fibroblasts and mouse neuroblastoma cells on fibronectin stimulates the activation of p190RhoGEF. 13, 14 In fibroblasts, the downregulation of p190RhoGAP activity occurs concurrently with RhoGEF activation. This is achieved through inactivation of Src and dephosphorylation of p190RhoGAP by the tyrosine phosphatase PTP-PEST. 15, 16 Similarly, Rac1 activation may be suppressed by PTP-PEST-dependent dephosphorylation of FAK and p130
Cas . 15, 17, 18 Once activated, RhoA promotes phosphorylation of the regulatory myosin light chain (MLC) subunit by direct, ROCKdependent phosphorylation of MLC and adhesion maturation that we observed in Net1A-knockdown cells during adherence indicates that actomyosin contraction was compromised and suggests that this would also be the case in motile cells. In fact, we have observed in wound healing assays that MDA-MB-231 cells lacking Net1A have reduced MLC phosphorylation and become elongated, consistent with defective trailing edge retraction (HSC and JAF, unpublished observations). Although prior studies did not distinguish between Net1 isoforms, our current findings suggest that the Net1A isoform is the primary mediator of cell motility and invasion. Prior studies identified the RhoA GEFs p115-RhoGEF, LARG, and p190RhoGEF as required for cell adhesion in mouse fibroblasts and neuroblastoma cells. [12] [13] [14] Thus, an important issue is how these divergent results can be reconciled. A simple explanation may be that different cell types are genetically wired to rely on particular RhoGEFs to control RhoA activation during adhesion, or that particular RhoGEFs respond to activation of specific integrins. However, both of these explanations may be too simplistic. Cells invariably express multiple RhoGEFs, often with similar Rho GTPase specificities. For example, by microarray analysis we observed that MCF7 cells express high levels of the RhoA GEFs ARHGEF10L, PDZ-RhoGEF, LARG, ARHGEF15, and p164-RhoGEF, in addition to Net1 (HSC and JAF, unpublished observations). Thus, our finding that MCF7 cells exhibit a specific requirement for Net1A during adhesion to collagen suggests that these RhoGEFs are not interchangeable. Similarly, the integrin receptors that bind to collagen and fibronectin appear to initiate intracellular signaling by the same FAK-dependent mechanisms, making it unlikely that binding to different ECM proteins would elicit distinct RhoGEF responses. 1, 8 A more likely explanation is that RhoA signaling is localized within the cell, and that particular RhoGEFs fulfill dedicated functions within specific macromolecular complexes. For example, it has recently been shown that MDA-MB-231 cells require the RhoA GEFs Trio, Net1, and p63Rho-GEF for efficient migration, but that only p63RhoGEF contributes to lamellipodia formation. 40 Moreover, we have observed siRNA approach, we were able to show that Net1A relocalization required Rac1 expression. We also found that Net1A localization outside the nucleus was terminated by the proteasome, since treatment of replated cells with MG132 dramatically extended the duration of Net1A extranuclear localization. Importantly, we demonstrated that expression of Net1A, but not Net1, was necessary for efficient cell spreading on collagen. Net1A knockdown reduced the number and size of active FAK-containing focal adhesions, indicating that Net1A was necessary for focal adhesion maturation. This was most likely due to effects of Net1A on actomyosin contraction, as Net1A knockdown severely compromised phosphorylation of the regulatory myosin light chain subunit. Actomyosin contraction stimulates focal adhesion maturation by generating tensional forces to aggregate integrins. 21 These data support a model in which Rac1 activation stimulates Net1A relocalization to promote RhoA activation and consolidate cell spreading (Fig. 1) . Moreover, as cell spreading is completed and Rac1 activation ceases, extranuclear pools of Net1A are degraded by the proteasome to terminate Net1A-mediated RhoA activation. This in turn limits F-actin polymerization and bundling that would ultimately be detrimental to cell adhesion.
Conclusions
It is clear that the mechanisms controlling RhoA activation during cell adhesion vary between cell types and physiological settings. By showing that Net1A localization and activation is coupled to Rac1 activation, our studies provide a molecular mechanism for how this may occur in cell types that express significant levels of Net1A, such as MCF7 breast cancer cells. In addition, because the mechanics of cell adhesion and cell motility are innately similar, our studies may partly explain the requirement for Net1 expression in gastric and breast cancer cell motility. 26, 39, 40 Specifically, motile cells require actomyosin contraction to promote focal adhesion maturation in the leading edge and to stimulate focal adhesion dissolution and edge retraction in the rear. The reduced myosin light chain phosphorylation and focal in its N terminus to downregulate its RhoGEF activity. 36 However, neither coexpression of constitutively active Pak1 nor alanine or glutamate substitutions of the Pak1 phosphorylation sites in Net1A stimulated Net1A localization. Thus, Pak1 or the related kinases Pak2 or Pak3 were unlikely to mediate Rac1 effects on Net1A localization. We also tested the requirement for PI3K, PI4, 5K, and PLD1 as Rac1 effectors and found that they also were not required for Net1A relocalization. Hence, many common Rac1 effectors did not mediate the effects of Rac1 on Net1A localization.
An important aspect of Rac1 stimulated relocalization of Net1A was that it also protected Net1A from proteasomemediated degradation. We had previously shown that Net1A has a very short halflife in MCF7 cells of 30-40 min, and that interaction with the PDZ domaincontaining protein Dlg1 protected Net1A from proteasome-mediated degradation. 37 Regulation of Net1A stability by the proteasome was later also shown to occur in human keratinocytes, indicating that this might be a common mechanism for regulation of Net1A signaling. 38 In accordance with these results, we found that co-expression of constitutively active Rac1 extended Net1A half-life from 40 min to nearly 6 h. However, this effect alone was not sufficient for relocalization, as treatment of cells with the proteasome inhibitor MG132 did not cause Net1A relocalization. Interestingly, we were unable to show that Dlg1 was required for Rac1-mediated stabilization of Net1A, indicating that a distinct mechanism was operative.
Relocalization of Net1A is Necessary for Efficient Cell Spreading and Focal Adhesion Maturation
An important finding of our work was that cell adhesion stimulated Net1A relocalization, and that this was required for proper cell spreading and focal adhesion maturation. Specifically, we showed that plating MCF7 cells on collagen stimulated a transient activation of Rac1 lasting nearly 60 min, and that this was accompanied by a transient relocalization of Net1A outside the nucleus. Moreover, using an sections may have prognostic value to identify those tumors that are more likely to exhibit metastatic spread. In this regard, it will be important to examine how Rac1 coordinates Net1A function during breast cancer cell invasion of the ECM, and to correlate this with expression of known drivers of metastatic progression.
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require Rho GTPase activity and it would be interesting to assess the requirement for Net1A in immune cell migration. Alternatively, metastatic cancer cells invade the ECM through mechanisms that are comparable to leukocyte motility, and plasticity between Rac1-driven mesenchymal and RhoA-driven amoeboid movement is a key feature of invasive cancer cell movement. [42] [43] [44] Moreover, many cancers are genetically programmed to exhibit elevated Rac1 signaling. Pertinent examples are breast cancers overexpressing the EGF family receptor HER2, the Rac1 GEFs Vav3, Trio, and P-Rex1, or the constitutively active Rac1 splice variant Rac1b. [45] [46] [47] [48] [49] We predict that these cancers would display elevated Net1A targeting to the plasma membrane. Additionally, measuring Net1A localization in tumor that knockdown of both Net1 isoforms in MDA-MB-231 cells only moderately reduces RhoA activation, but almost completely blocks MLC phosphorylation (HSC and JAF, unpublished observations). Since Net1 only functions as a GEF for RhoA and RhoB, but not RhoC, this suggests that Net1 is specifically tasked to control MLC phosphorylation and actomyosin contractility in these cells. Future work will be required to identify the mechanism by which Net1 is predominant in controlling MLC phosphorylation.
Our findings have wider implications for adherence and motility mechanisms in normal and disease cells. For example, leukocytes use integrin-dependent movement to traverse endothelial cells, to arrest at a site of action, and to penetrate a basement membrane. 41 All of these actions Figure 1 . (A) regulation of net1a localization by integrin ligation. Integrin binding to the eCm promotes recruitment of the FaK/DoCK180 signaling complex, which stimulates rac1 activation. rac1 then signals to net1a in the nucleus, causing net1a export to the plasma membrane where it activates rhoa. active rhoa promotes bundling of actin stress fibers, actomyosin contraction, and focal adhesion maturation. after rac1 activation ceases, net1a is removed from the extranuclear space by proteasome-mediated degradation. (B) Subcellular distribution of net1a during cell spreading. Shown are mCF7 cells that have been transfected with Ha-net1a, serum starved overnight, and then left adherent or replated on collagen IV for 30 or 90 min. after fixation, the cells were stained for Ha-net1a (green), F-actin (red), and Dna (blue).
